Exposure to air pollutants has been associated with adverse health effects. However, analyses of the effects of season and ambient parameters such as ozone have not been fully conducted. Residential indoor and outdoor air levels of polycyclic aromatic hydrocarbons (PAH), black carbon (measured as absorption coefficient [Abs]), and fine particulate matter <2.5 μm (PM) 2.5 were measured over two-weeks in a cohort of 5-6 year old children (n=334) living in New York City's Northern Manhattan and the Bronx between October 2005 and April 2010. The objectives were to: 1) characterize seasonal changes in indoor and outdoor levels and indoor/outdoor (I/O) ratios of PAH (gas + particulate phase; dichotomized into Σ 8 PAH semivolatile , and Σ 8 PAH nonvolatile (MW 228-278)), Abs, and PM 2.5 ; and 2) assess the relationship between PAH and ozone. Results showed that heating compared to nonheating season was associated with greater Σ 8 PAH nonvolatile (p<0.001) and Abs (p<0.05), and lower levels of Σ 8 PAH semivolatile (p<0.001). In addition, the heating season was associated with lower I/O ratios of Σ 8 PAH nonvolatile and higher I/O ratios of Σ 8 PAH semivolatile (p<0.001) compared to the nonheating season. In outdoor air, Σ 8 PAH nonvolatile was correlated negatively with community-wide ozone concentration (p<0.001). Seasonal changes in emission sources, air exchanges, meteorological conditions and photochemical/ chemical degradation reactions are discussed in relationship to the observed seasonal trends.
Introduction
Exposure to traffic and industry-related sources of airborne particulate matter <2.5 μm (PM) 2.5 has been associated with respiratory symptoms, lung function decrements, hospitalizations for cardiorespiratory disease, cancer and mortality (Brunekreef and Holgate, 2002; Pope et al., 2002) . The contributions of individual chemical components of the complex PM 2.5 mixture to these health outcomes are an area of active investigation. Components of ongoing health concern include nickel (Ni) and zinc (Zn) (Burnett et al., 2000; Patel et al., 2009) , iron (Fe) (Burnett et al., 2000) , vanadium (V) (Patel et al., 2009) , strong acidic aerosols such as nitrates and sulfates (Burnett et al., 2000) and polycyclic aromatic hydrocarbons (PAH). Exposure to each of these has been associated with adverse health effects (Boffetta, 1997; Miller et al., 2004; Perera et al., 2006) . A better understanding of the conditions that influence the concentrations of the different contaminants would improve our understanding of health risks associated with airborne pollutants.
In particular, exposure to PAH remains understudied. PAH are emitted readily from multiple sources in the urban environment, including vehicles, industry, cigarette smoking, incense burning, cooking and space heating (Bjorseth and Ramdahl, 1985; Chuang et al., 1991) . In U.S. cities, traffic emissions are one of the most abundant sources of outdoor PAH; PAH accounted for 36% of the yearly total in one study in 1985 (Bjorseth and Ramdahl, 1985) . Furthermore, comparisons of the variations in indoor PAH concentrations to the morning rushhour traffic pattern revealed that traffic can be the primary determinant for the indoor PAH exposure as well (Dubowsky et al., 1999) . Similar to several other traffic-related air pollutants, exposure to particle-bound PAH has been shown to decrease with increasing distance from the road (Levy et al., 2003) , indicating that outdoor exposure differs spatially depending on the proximity to the local sources.
Once PAH enter the atmosphere, they redistribute between the gas and particle phases. This process depends on their vapor pressures as a function of temperature, available particle surface area for adsorption, or affinity of PAH with organic particles. Differences in gas/particle partitioning may affect their toxicity (Baek et al., 1991) . Lower molecular weight PAH smaller than pyrene (molecular-weight 202) are present largely in the gas phase whereas heavier ones such as benzo(a)pyrene (molecular-weight 252) are found predominantly in the particle phase. The sources of lower molecular weight PAH such as phenanthrene and methylated phenanthrene include both direct evaporation of crude oils and light petroleum products and incomplete combustion products. The higher molecular weight PAH with 4-6 benzene rings are predominantly generated by incomplete combustion (Page et al., 1999) .
Assessment of PAH exposure has been hampered by limitations in exposure monitoring. Data collected at fixed ambient monitoring sites, while useful in characterizing average levels and trends, are not adequate for representing the effects of personal or residential exposures. Personal monitoring has yielded important information on the association between prenatal PAH exposure and multiple adverse health effects in offspring (Miller et al., 2004; Perera et al., 2006) . However, personal monitoring can be undertaken only over short durations (Chuang et al., 1991; Naumova et al., 2002) and is difficult to conduct in young children. One important finding to date from micro-environmental monitoring suggests that kindergarten-aged children who play inside and outside their school in a high traffic area may be exposed to inhalatory PAH levels up to six times higher than what may occur in less polluted areas (Fiala et al., 2001 ). Also, school bus emissions may be large sources of children's daily exposure to diesel and other combustion emissions such as PM 2.5 , and elemental carbon (Adar et al., 2008; Sally Liu et al., 2010) . Residential monitoring can be conducted for much longer durations and remains another useful option for assessing PAH exposures, especially in young children. Further, the longer sampling time frame permits a more comprehensive and representative assessment of indoor and outdoor PAH exposures and analysis of conditions such as season and residential heating on airborne pollutants levels.
In addition, the importance of photochemical and chemical reactions between PAH and atmospheric oxidants such as ozone, hydroxyl radial, and nitrogen oxides (Albinet et al., 2008; Goriaux et al., 2006; Schauer et al., 2003) still needs to be elucidated. A number of studies have shown that PAH can react readily with ozone and substantial chemical degradation of PAH can occur in the atmosphere and on the filter during sampling (Goriaux et al., 2006; Schauer et al., 2003) . High ozone levels in the summer may contribute to lower measured summer levels of certain PAH, such as BaP, benzo(a)anthracene, and pyrene through homogeneous gas-phase reactions or heterogeneous reactions on aerosol particles (Marr et al., 2006) .
Our objectives were to characterize seasonal changes in indoor (I) and outdoor (O) levels and I/O ratios of PAH (gas + particulate phase), black carbon (measured as absorption coefficient [Abs] ) and PM 2.5 levels, on a cohort of inner city children known to be at greater risk for air pollution-related respiratory disease such as asthma (Perera et al., 2002) . Another objective was to assess the relationship between PAH and ambient ozone concentrations as an indicator of photochemical activity. Our approach was to measure residential indoor and outdoor PAH, Abs, and PM 2.5 levels for a group of 5-6 year old children living in Northern Manhattan and the South Bronx who were participating in a cohort study being conducted by the Columbia Center for Children's Environmental Health (CCCEH). Two-week residential monitoring with repeated measurement after 6 months was conducted. Comparisons with ambient ozone levels, from a New York State Department of Environmental Conservation monitoring site in New York City (NYC), were conducted as well.
Methods

Study design and location
Children were primarily of African-American and Dominican ethnicity and lived in Northern Manhattan and the South Bronx, geographical areas where exposure to traffic-related air pollution has been implicated in asthma and other diseases (Perera et al., 2002) . Three hundred thirty four children were enrolled from the parent CCCEH cohort study (Miller et al., 2004; Perera et al., 2006) if they were age 5-6 years during the periods between October 2005 and April 2010 and resided in Northern Manhattan and the South Bronx during pregnancy and continued to live in Northern Manhattan and the Bronx at enrollment. The catchment area for this study was expanded to include the entire Bronx because many CCCEH study participants had moved since initial enrollment (See Fig. S-1 , Supporting Information). Voluntary participation in this study exceeded 98% for those meeting eligibility criteria. The study was approved by the Columbia University Institutional Review Board and informed consent obtained.
Residential monitoring
For black carbon and PM 2.5 measurements, two-week integrated indoor and outdoor monitoring was conducted at each of the first 262 homes between October 2005 and April 2010 for two time points each 6 months (±22 day, SD) apart. For an additional n= 72 homes, only one two-week measure was collected. While black carbon and PM 2.5 were measured on filters collected at both time points, a panel of 16 PAH were measured at one time point only. A detailed sampling scheme of this study is presented in Fig. S-2 of the Supporting Information. Indoor air monitors were placed in a room where the child spent most of his or her time (e.g. child's bedroom or main living area of the apartment) at a height of about 1.2 m and at least 0.3 m from the walls. At one third of homes, selected randomly, simultaneous outdoor sampling was conducted by placing samplers out of windows securely hung 0.9 m from the outside wall with a window unit that was designed so as not to appreciably affect air exchange rates (AERs) of the apartment (i.e., subject can have the window open or closed). PM 2.5 and Abs were analyzed on Teflon filter samples collected in a cassette attached downstream from a cyclone with a 2.5 μm aerodynamic-diameter cut point (model SCC 1.062, BGI, Inc.) that operated at 1.5 L/min for two weeks, leading to an average sampling volume of 30.1 m 3 . Flows were checked at the beginning and end of sampling. Filters were pre-and post-weighed on a microbalance after being equilibrated under a temperature-humidity controlled environment for at least 24 hours. Details of analytical protocols for PM 2.5 and Abs are described in the Supporting Information.
Gas and particulate phase of PAH (≤2.5 μm) were collected on a precleaned quartz microfiber filter and polyurethane foam (PUF) in the downstream from a cyclone (model SCC 1.062, BGI, Inc.) at the same flow rate of 1.5 L/min for two weeks. Sixteen 3-ring to 6-ring PAH were selected as target compounds due to their abundance in traffic emissions and their possible carcinogenicity and mutagenicity (Boffetta, 1997; Tonne et al., 2004) . Nine of these PAH were measured previously by our group using 48-hour personal prenatal sampling of the cohort mothers (Miller et al., 2004; Perera et al., 2006; Tonne et al., 2004) . The sixteen PAH monitored were:
, and 3,6-dimethylphenanthrene (3,6DMeph). A single soxhlet extraction of both the filters and PUFs together was analyzed at Southwest Research Institute (San Antonio, TX) as described (Tonne et al., 2004) . Two deuterated compounds (anthracene-d 10 and p-terphenyld 14 ) were used as surrogate standards for recovery and chrysene-d 12 and perylene-d 12 were used as internal standard for quantification. Mean recovery rates of deuterated surrogate standards exceeded 98% for both d-10 anthracene and d14-p-terphenyl as described previously (Jung et al., 2010) . Details of quality controls and data management, including the definition of heating season, are described in the Supporting Information.
Ambient ozone data for NYC were obtained from the New York State Department of Environmental Conservation monitoring site located within the study area (Intermediate School 52). The average ozone concentration at this site over the corresponding two-week sampling period for each subject was used for the analysis because ozone levels in NYC show very little spatial variations (Callaghan et al., 2007) 
Statistical analysis
Unless specified, PAH, Abs, and PM 2.5 data were log-transformed to normalize skewed distributions and parametric analyses were conducted. Additional comparisons were made with PAH levels summed according to their relative volatility and gas/particle partitioning i.e. Σ 8 PAH semivolatile (sum of 8 low molecular-weight-PAH≤ 206) and Σ 8 PAH nonvolatile (sum of 8 high molecular-weight-PAH≥ 228). The precision of duplicate measurements was calculated as the standard deviation of the differences between duplicate and corresponding samples divided by . As a tool for evaluating dominance of indoor sources over outdoor concentration, the median I/O ratio was calculated across pollutants. Differences in individual I/O ratios by season were compared using the Mann-Whitney test to avoid overrepresentation of the effect of two outliers. Analyses were conducted using SPSS software (SPSS; Chicago, IL, version 17).
Results
Seasonal variations in PAH, Abs and PM 2.5 levels
A significant seasonal pattern was detected for the categorized PAH, and Abs, both indoors and outdoors. The heating compared to the nonheating season was associated significantly with elevated levels of Σ 8 PAH nonvolatile ( Fig. 1-a; p<0.001) and Abs (p<0.001 for indoor and p< 0.05 for outdoor, Fig. S-3a) , and lower levels of Σ 8 PAH semivolatile ( Fig. 1-b ; p<0.001). Heating season was not associated with altered PM 2.5 concentration (Fig. S-3b ).
Relationship between indoor and outdoor concentrations
Differences between mean indoor and outdoor Σ 8 PAH nonvolatile concentrations were significant only in the heating season (p<0.001), whereas the levels of Σ 8 PAH semivolatile concentrations were higher in indoor air, compared to outdoor, regardless of season (p<0.001) (Table 1) . Indoors and outdoors, the level of Σ 8 PAH semivolatile was an order of magnitude larger than that of Σ 8 PAH nonvolatile , and the largest contribution of individual PAH to the total PAH mass in the samples was made by phenanthrene, followed by its methylated derivatives. Among the nonvolatile PAH, BghiP was the most dominant compound both indoors and outdoors, followed by IP in indoors and BbFA in outdoor samples (Table S-1). Elevated levels of Abs were found in outdoor air, compared to indoor, only during the heating season (p<0.05). In general, the median I/O concentration ratios were close to or lower than 1 for nonvolatile PAH, but considerably greater than 1.0 (range 1.2-3.7) for semivolatile PAH in both the nonheating and heating seasons (Fig. 2) . The heating versus nonheating season was associated with lower I/O ratios of Σ 8 PAH nonvolatile (median ratio of 0.72 vs. 0.99 respectively, p<0.001) and higher I/O ratios of Σ 8 PAH semivolatile (median ratio of 3.02 vs. 1.73 respectively, p<0.001). This pattern was apparent when the individual PAH were assessed as well (p<0.05, except BaP, DahA and pyrene). The median I/O ratio for Abs was close to 1.0 for both seasons. Although heating season was not associated with altered I/O ratios for PM 2.5 , the median I/O ratio exceeded 1.0 in both seasons.
Seasonal variations across pollutants
During the heating season, Σ 8 PAH nonvolatile was weakly correlated with Abs and PM 2.5 both indoors and outdoors (r>0.265; Table 2 ); however, significant correlation was not observed outdoors during the nonheating season. While indoor Σ 8 PAH semivolatile was not significantly correlated with Abs and PM 2.5 in both seasons, outdoor Σ 8 PAH semivolatile was moderately correlated with PM 2.5 during the nonheating season (r=0.579). Abs was moderately correlated with PM 2.5 measured indoors (r > 0.358; p<0.001) and strongly correlated when measured outdoors, especially during the heating season (r= 0.876; p<0.001).
Effects of season on the relative abundance of PAH vs. Abs, PM 2.5
The differences in the relative PAH contribution to Abs or PM 2.5 between the heating and nonheating season were assessed to estimate the effect of season on chemical compositions (Table 3) . Ratios of Σ 8 PAH nonvolatile to Abs or PM 2.5. were significantly higher during the heating compared to the nonheating season (p<0.001, Table 3 ), indoors and outdoors. In contrast, the ratios of Σ 8 PAH semivolatile to Abs or PM 2.5 were significantly higher during the nonheating season, compared to the heating season (p<0.001 for both indoor and outdoor). Moreover, the ratios of Abs to PM 2.5 outdoors were significantly higher during the heating season than the nonheating season (p<0.001). However, indoors, there were no significant differences in Abs to PM 2.5 ratios by season (Table 3) .
Association between ambient ozone and outdoor PAH levels
In both seasons, Σ 8 PAH nonvolatile were negatively associated with 2-week average ozone (Fig.  3a , β=−49.44 and −37.49 for the heating and nonheating season, respectively). In contrast, no significant relationship was observed between Σ 8 PAH semivolatile and ozone in either season (Fig. 3b) . Similarly, all individual nonvolatile PAH were negatively associated with ozone (Table S-2). While most individual semivolatile PAH followed the similar trend as Σ 8 PAH semivolatile , pyrene was the exception, showing a significant negative correlation during the heating season (data not shown). No significant relationship was found between PM 2.5 levels and ozone concentrations; however, significant but opposite relationships were detected when analyzed seasonally (Fig. S-4) . The significant relationships were not found between Abs and ozone (data not shown).
Discussion
Our objective was to characterize the effects of heating season on residential exposure to both indoor and outdoor air pollutants (PAH, Abs and PM 2.5 ) based on residential monitoring conducted over two-weeks on a cohort of inner city children known to be at greater risk for air pollution-related disease. This report describes one of the largest datasets of residential PAH levels to date, and includes values collected over a longer period of time than reported in previously (Chuang et al., 1991; Naumova et al., 2002) . Heating season was identified as a key parameter that influences pollutant levels and I/O ratios of PAH as well as the relative abundance of PAH to Abs or PM 2.5 . Furthermore, outdoor Σ 8 PAH nonvolatile concentrations also were associated negatively with ambient ozone levels.
Seasonal variations differed across PAH when classified according to their volatility (Σ 8 PAH nonvolatile vs. Σ 8 PAH semivolatile ). Several explanations may be responsible, including seasonal variations in emission sources, air exchange rates, PAH transformation through photochemical/chemical reaction, gas/particle partitioning and meteorological conditions such as ambient temperature, mixing height, humidity and wind speeds. For example, several studies reported that PAH emissions from motor vehicles are dominated by volatile and semivolatile PAH, whereas nonvolatile PAH concentrations become elevated both indoors and outdoors by the greater use of fossil fuel combustion for residential heating (Khalili et al., 1995; Schauer et al., 2003) . Consistent with these prior studies, higher nonvolatile PAH concentrations were observed in the heating season when there is greater use of residual fuel oil for space-heating in NYC.
In the heating season, there is not only reduced atmospheric dilution resulting from lower mixing height, but also there is reduced potential for atmospheric photochemical/chemical reactions that can convert nonvolatile PAH to oxygenated/nitrated PAH. Consistent with this loss mechanism, lower residential levels of nonvolatile PAH during periods of higher ambient ozone concentrations in the atmosphere were measured (See Table S .2). The chemical degradation of nonvolatile PAH in the atmosphere by ozone reaction has been demonstrated previously, especially for BaP (Goriaux et al., 2006) . In comparison, the increase of semivolatile PAH concentration during the nonheating season may be attributable to the temperature dependence of gas/particle partitioning. As temperature increases, gas/particle partitioning of PAH is in favor of the gas phase; thus volatilization of particulate PAH from road surfaces, soil and vegetation would be enhanced. In addition, evaporations from crude oil and petroleum products may contribute to the elevated semivolatile PAH levels during the nonheating season. Ozone may not drive the chemical degradation of particle-bound semivolatile PAH (Schauer et al., 2003) . Hence, gas/particle partitioning and petrogenic emissions may be the dominant influence on semivolatile PAH levels, whereas residential heating emissions and photochemical degradation may influence the nonvolatile PAH levels (Ohura et al., 2004a; Ohura et al., 2004b) .
Indoor and outdoor PM 2.5 levels did not vary by season. Higher PM 2.5 concentration in northeastern U.S. cities during summer has been reported, predominantly as a result of higher upwind photochemical production of sulfate and other secondary organic carbons (Cyrys et al., 2003) . Supporting these prior studies, PM 2.5 during the nonheating season was associated positively with ozone, an indicator of photochemical reactivity (See Fig S.2) . However, increased PM 2.5 concentrations due to the rise in photochemical secondary products initiated by atmospheric oxidants during the nonheating season may be countered with the increase in PM 2.5 concentrations from residential heating source emissions during the NYC heating season. The latter was supported further by the negative correlation between PM 2.5 and ozone during the heating season, if one considers that the two-week average levels of ozone can be seen as a proxy for nonuse of heating oil in the heating season. When the ozone level is lower, ambient temperatures are lower, and thus fossil fuel consumption for residential heating tends to be higher, resulting in higher PM 2.5 levels. The seasonal variations of both indoor and outdoor Abs concentrations imply that the elevations of Abs levels during the heating season may be due to the increase of primary emissions from fossil fuel combustion for residential heating beyond traffic emissions.
Semivolatile PAH I/O ratios higher than 1.0 (Fig. 2) implicates prominent indoor sources such as space heating (e.g., kerosene heaters), smoking, or burning incense or candles (Naumova et al., 2002; Ohura et al., 2004a; Ohura et al., 2004b) . The significantly higher I/O ratios of semivolatile PAH in the heating, compared to the nonheating season, suggest that the indoorgenerated semivolatile PAH are better trapped indoors, consistent with lower air exchange rates in the winter. Kinney et al. (2002) measured AERs in NYC apartments and observed significant seasonal differences in AERs, with median rates going from 0.85 to 1.6 during the winter and summer respectively, that impact I/O ratios of a wide suite of particle-associated and gas phase pollutants.
The I/O ratios of PM 2.5 were slightly greater than 1.0 across season, indicating the small presence of indoor emission sources of PM 2.5 , as reported . In comparison, the median I/O ratios of Abs nearing 1.0 across season suggest a lack of significant indoor sources and a high penetration efficiency of outdoor-originated black carbon into the indoor environment. Black carbon is a fairly stable contaminant especially during the heating season . As such, the Abs I/O ratio is a good benchmark to compare against the nonvolatile PAH that are predominantly associated with particles. The I/O ratios for nonvolatile PAH tend to be below one or near one (see Fig. 2 ), suggesting that the indoor concentrations of nonvolatile PAH arise predominantly from the transport of outdoor air into the indoor environment, as reported (Dubowsky et al., 1999; Naumova et al., 2002; Ohura et al., 2004a; Ohura et al., 2004b) . However, in the heating season the BaA, Chry, BbFA, BkFA have median ratios significantly below that seen for Abs while the BaP, DahA, and IP have I/O ratio very similar to a value of 1 (slightly above that of Abs). Assuming that Abs is benchmark marker of penetration of outdoor-originated PM, then these depressed ratios (<1) for 4-5 ring PAH suggest that outdoor-originated nonvolatile PAH can be redistributed from the particle phase to the gas phase. This may occur once they enter into the relatively warm indoor environments during the heating season, and then the vaporized PAH are adsorbed onto indoor surfaces (e.g, carpets, settled dust, or stationary room surfaces) rather than airborne particles, resulting in loss of measured indoor PAH level (Weschler and Nazaroff, 2008) .
Because PAH and Abs form during similar combustion processes (e.g., heating, traffic and cooking, and wood smoke), they are expected to be well-correlated, depending on the sources of emissions (Fischer et al., 2000; Marr et al., 2004) . However, outdoors, strong correlations of both semi-and nonvolatile PAH with Abs and PM 2.5 were absent in this study. Marr et al. (2004) reported that the correlation between PAH and elemental carbon was relatively low when PAH and elemental carbon were not dominated by fresh emission, suggesting that PAH adsorbed on particles could be diminished over time through evaporation of semivolatile PAH or transformation through heterogeneous reactions of nonvolatile PAH. During residential monitoring, PAH generated from street level traffic sources travel considerably to reach highrise (most 5-10 stories) apartment buildings, during which time the PAH sample could age. However, the observed moderate correlation between Σ 8 PAH semivolatile and PM 2.5 outdoors during the nonheating season may be attributable to the temperature dependence of both compounds. In contrast, the moderate correlations of nonvolatile PAH with Abs and PM 2.5 indoors, especially during the heating season, could be due to the slower chemical degradation associated with the absence of direct sunlight and lower levels of ozone and OH radical indoors (Weschler and Nazaroff, 2008) .
Seasonal variations of emission sources (i.e., residential heating emissions), meteorological conditions (atmospheric mixing, temperature), and photochemical/chemical activity appeared to affect the chemical composition of samples. For example, a significantly lower ratio of Σ 8 PAH nonvolatile and BaP to Abs or PM 2.5 during the nonheating compared to the heating season suggests that Σ 8 PAH nonvolatile diminished in association with reduced fossil fuel consumption for residential heating and/or enhanced photochemical/chemical degradation rate due to higher ambient ozone. In contrast, the ratio of Σ 8 PAH semivolatile to Abs or PM 2.5 was much higher during the nonheating season, indicating that the abundance of Σ 8 PAH semivolatile may be dominated by evaporation of semivolatile PAHs from particles or crude oils and light petroleum products. The effect of photochemical activity, at least the reaction with ozone, on the semivolatile PAH concentration may be less important. Lower ratio of Abs to PM 2.5 during the nonheating season probably reflects a significant fraction of PM 2.5 being driven by the secondary products formed through photochemical reactions.
While the study was not designed to compare air pollutant levels over time or across cohorts, differences were noted. For example, the two-week indoor and outdoor PAH levels are comparable or lower to shorter-term averages (24-48 hour) measured in Los Angeles, CA, Houston, TX, and Elizabeth, NJ (Naumova et al., 2002) , and considerably lower than those reported for homes impacted by industrial and heavy traffic emissions (Ohura et al., 2004b) . Interestingly, they averaged lower than earlier (1998 -2002) levels measured using 48-hr prenatal personal within the same CCCEH cohort that used similar sampling and the same analytical techniques (Tonne et al., 2004) . One explanation is that personal activity (i.e., commuting in heavy traffic, ETS exposure, grill cooking) could contribute to the elevated PAH exposure detected using personal monitors as seen for many personal exposure studies. In addition, two-week longer-term sampling will dampen short-term peaks and also may lead to the greater degradation of nonvolatile PAH by ambient ozone after collection on the filter, compared to short-term period. Another explanation is that true reductions in local diesel or PAH exposure occurred over time, supported by New York policy initiatives to increase use of cleaner fuels and improved engines to reduce diesel emissions since 2000 (Narvaez et al., 2008) . The residential outdoor Abs levels averaged lower compared to those reported in Kinney et al. (2002) conducted in a similar area of NYC from 1999 to 2001 for two seasons using 48-hour long samples.
We acknowledge several study limitations. For one, chemical degradation of PAH can occur not only in the atmosphere but also after deposition on filters, underestimating the atmospheric PAH concentrations. The effect can be augmented when sampling for an extended duration, such as the two-week period in this study. Studies have demonstrated that substantial degradation of BaP and other 5-6 ring PAH can occur during filter sampling (Goriaux et al., 2006; Schauer et al., 2003) , although these studies used much higher flow rates. It also should be noted that ozone may be serving as an indicator of other ambient parameters that are highly correlated with ozone such as temperature, solar intensity, or other ambient oxidant levels (i.e., hydroxyl radical). Therefore, ozone-induced degradation of PAH needs further investigation. Another limitation is that the PAH were not measured for both seasons in all homes because of budgetary constraints. This information could give us a better understanding of within-home variation.
Conclusion
This study highlights the important influence of the heating compared to nonheating season on variations in residential exposure levels and I/O ratios of PAH, Abs, and PM 2.5 as well as the composition of PM 2.5 particles. Distinct seasonal trends could be associated not only with varying emission sources (i.e. residential heating emissions) but also variations in meteorological conditions (atmospheric mixing, temperature), air exchange rates, and photochemical/chemical degradation. Seasonal variations of PAH, Abs and PM 2.5 concentrations and their compositions may be associated with seasonal differences in air pollution-related health risks for children. For example, Mhor et al. (2008) reported that the association between ambient elemental carbon and childhood asthma emergency room visits varies according to season. Our findings have important implication for the design of epidemiologic studies evaluating the effects of the airborne contaminants among urban children.
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